PERINATAL MICROBIAL CONTACT
The main microbial exposition of neonates is provided by the maternal microbiota. Yet, it is not clear how and how much the specific composition of the maternal microbiota may influence microbiota development and programming for later health. It is, however, well established that the process of microbial colonization of the infant's gut impacts metabolic and immunologic development (1, 2) .
Microbial Exposure In Utero
The development of the human microbiome has long been assumed to start at birth and increase in diversity until acquiring an adult type-like composition around the first to the third year of life. However, microbial colonization of the human infant may begin earlier. The dogma of sterile intrauterine environment has recently been challenged by reports on detection of diverse microbes in placenta, umbilical cord, amniotic fluid, and meconium (3) (4) (5) (6) (7) (8) (9) (10) . Taking these preliminary observations together, the contact with the complex bacterial communities is clearly already initiated in utero and the impact of maternal microbiota may be more important than we had previously believed. In addition, these data suggest that an internal route may exist that enables the transport of bacteria from the mother to the fetus.
There are several sources and routes of microbial contact to the neonate and infant. Maternal microbial transmission is known to happen in the entire animal kingdom, including invertebrates and vertebrates (11) . Experimental evidence in mice has been reported to support this notion (12, 13) . Maternal bacteria present in blood would reach the placenta tissue, from which microbes could reach the amniotic fluid and be swallowed by the fetus (3, 4, 8) or transfer into the fetal circulation, as has been demonstrated from maternal cells (14) and fetal transfer DNA material to maternal serum (15) . The translocation of commensal bacteria from the mother to the fetus and neonate has been reported to have a variety of routes, for example, through the mesenteric lymph nodes, breast tissue, and skin. These preliminary observations suggest that contact with microbial populations of the extrauterine world is already initiated in utero. The type of contact is determined by the mother's intestinal microbiota, health, and body composition during pregnancy. Maternal health issues such as type 2 diabetes mellitus and history of atopic disease have been shown to impact meconium microbiota composition (8, 16) . Furthermore, specific shifts in maternal gut microbial composition have been associated with maternal factors such as body mass index and weight gain during pregnancy (17, 18) . In one of the first long-term follow-up studies, early differences in fecal microbiota composition could predict overweight in children in later life (19) . Also, maternal obesity has an impact on infant microbiota development during the first month of life (20) . In pregnant women with obesity, a vicious cycle of nonfavorable metabolic development may be generated if their altered gut microbiota composition is transferred to the infant (20, 21) . We have shown that microbiota composition during pregnancy has an impact on fetal health programming, Review presumably through altered serum biochemical variables of relevance to nutritional and health status (17, 18) . In addition, maternal health including conditions such as allergy and obesity may affect milk microbiota, resulting in reduced levels of Bifidobacterium spp. compared to healthy mothers (22, 23) .
Breast Milk as the Link Between Mother and Infant
Microbiota of the healthy, breastfed, vaginally delivered, fullterm infant who remains healthy for a longer follow-up time is considered the gold standard. After birth, transfer of the microbiota continues, and it is modified by breastfeeding and other dietary regimens. Breastfeeding represents the main postnatal link between mother and infant.
Beyond the nutritional composition, breast milk contains a number of bioactive components that are thought to be protective and to supplement innate immunity, impacting infant microbiota composition and health (24, 25) . This protection is provided by components such as regulatory cytokines and growth factors, human milk oligosaccharides and milk microbiota that support and guide the immune system development and maturation. We have reported that maternal nutritional status affects the immunomodulatory potential of milk in terms of microbes and immunomodulatory factors (TGF-β2, sCD14, and cytokines) (21) . Importantly, there are many uncharacterized components in human milk whose functions have been only partially elucidated.
Milk microbiota has also been described in rhesus monkey (26) and in other mammals such as the dairy cow (27) as well as in human breast milk samples (28) (29) (30) (31) (32) (33) (34) . Our recent work using pyrosequencing demonstrated a large microbial biodiversity present in colostrum samples, with clear but mild temporal variations during the first 6 mo of breastfeeding (28) . The initial microbial community was dominated by lactic acid bacteria such as Weisella, Leuconostoc, or Lactococcus. Milk microbiome composition is influenced by mode of delivery (28) but also, by maternal health during lactation (31, 32) . Lower abundance of Bifidobacterium spp. has been reported in mothers with atopic disease compared to those observed in healthy mother (23) .
The origin and biological role of milk bacteria has not yet been unveiled. Recently, the presence of microbes has been also reported in human breast tissue (35, 36) suggesting that specific microbes are inhabitant of breast and milk duct epithelium. This community was distinct from those found in skin, gut, vagina or mouth.
EARLY GUT MICROBIOTA COMPOSITION AND HEALTH AND DISEASE
Intensive research efforts attempting to elucidate early gut colonization patterns and factors which modulate perinatal microbiota acquisition have been motivated by experimental and epidemiological data which demonstrate a strong association between aberrant gut microbiota composition with a variety of inflammatory or immune-mediated diseases, including atopic disease, inflammatory bowel disease, type 1 diabetes mellitus, celiac disease, and obesity (37) . It is of particular interest that changes in gut microbiota species and diversity observed in the first weeks or months of life appear to precede the development of atopic disease and atopic immune phenotype (37) (38) (39) (40) . We have also reported aberrant early gut microbiota composition in infants who later become overweight (18, 19) . It must be noted, however, that it is questionable whether the microbiota alterations are really cause or consequence of a specific disease; however, it has been proven a direct relationship between alterations in microbiota composition and diversity and high risk to develop specific diseases as obesity and allergy as an example of the most common problem in infant population. These data suggest that perinatal gut colonization patterns have a potential role in the development of obesity and overweight. We hypothesize that early microbial contact influences immune programming which has direct consequences to health and disease. However, there is also epidemiological evidence on the role of lactic acid bacteria and probiotic bacteria in protecting infants from allergy (41) . In the same manner, women who reported habitual probiotic dairy product use should have a reduced risk of spontaneous preterm delivery (42) .
DEVIATIONS IN PERINATAL MICROBIAL CONTACT, IMMUNE MATURATION, AND RISK OF DISEASE
Early interaction with microbes and microbial colonization is often disturbed by factors such as cesarean section delivery and antibiotic therapy. Important lessons regarding microbial immune programming may be learned from epidemiological data on the impact of such perturbations.
Mode of Delivery
It is well established that infants born by cesarean section enter the extrauterine world ill-prepared compared to vaginally delivered neonates and are at increased risk for neonatal morbidities such as respiratory distress and hypoglycemia. These challenges are thought to result from lack of stress signals induced by labor in the fetus and the mother which is also reflected in immune markers measured from cord blood or in the neonatal period (43) . Recently, more attention has been given to differences in early microbial contact related to the mode of birth. An accumulating body of evidence indicates that vaginally and surgically delivered neonates exhibit distinct gut colonization patterns (6, 7, 33, 44, 45) . The differences in gut microbiota composition may still be observed at the age of 7 y (46). Bifidobacterium-dominated microbiota is more frequent in breastfed than among formula-fed infants. The transfer of specific Bifidobacterium strains from mothers to breastfed infants has been reported (47, 48) , suggesting unique and specific maternal microbial transfer. In parallel, the mode of delivery has also been reported to affect immune development. More pronounced humoral immune responses have been detected in cesarean section-delivered infants as compared to vaginally delivered infants throughout the first year of life (49) , whereas T helper 1-type immune responses are reportedly reduced in infants born by cesarean section during the first 2 y of life (50) .
Dissecting the individual contributions of labor-induced endogenous stress signals and microbial contact during delivery to normal immune development and health would entail rigorous analyses in which elective cesarean sections performed before the onset of labor and nonelective cesarean sections performed during labor are carefully separated from each other and compared to vaginal delivery. Unfortunately, not all studies distinguish between elective and nonelective cesarean sections. We have previously reported that elective but not nonelective cesarean section delivery is associated with aberrant microbial composition in breast milk (28) but whether the aberrant infant gut colonization patterns or immune development resulting from delivery mode is also confined to elective cesarean section deliveries is not as of present known.
Western countries worldwide are suffering a progressive increase of autoimmune and metabolic diseases, and the disemination is particularly conspicuous in infant populations. This increase may be related to a parallel enhancement in the rates of cesarean section deliveries, which have increased beyond the recommended level of 15%, almost doubling in the last decade according to the World Health Organization. Cesarean section as a mode of delivery appears to increase the risk of a large array of noncommunicable diseases in later life. Indeed, an increased risk for atopic diseases, asthma, celiac disease and obesity among others was reported in children born by cesarean delivery (51) (52) (53) . Several epidemiological studies have suggested that the risk of asthma is increased in children born by cesarean section. Not all studies report such association but a meta-analysis of 23 epidemiological studies concluded that the risk of asthma is 20% greater in children born by cesarean section as compared to those born vaginally but no analyses were performed to distinguish between elective and nonelective cesarean sections. A recent large cohort study of more than 37,000 Norwegian children concluded that children born by cesarean section have a modestly increased risk (relative risk = 1.17, 95% confidence interval = 1.03-1.32) of current asthma at the age of 36 mo (54). The risk appeared similar in children born by elective and nonelective cesarean section. In contrast, the risk of celiac disease appears to be increased only in children born by elective but not by nonelective cesarian section according to a population-based case-control study of more than 65,000 children from Sweden (55). Meta-analyses of epidemiological studies also suggest that being born by cesarean section is strongly associated with increased body mass index, overweight and obesity in adulthood (56) as well as a 20% increase in the risk of type 1 diabetes mellitus (57).
Early Antibiotic Exposure
Antimicrobial therapy is known to cause significant but often transient perturbations in the indigenous intestinal microbiota. Individuals subjected to antibiotic therapy early in life therefore provide an opportunity to investigate the consequences of early disturbances in microbiota composition. Little is known about immune development in antibiotic-treated infants but there are ample data to suggest an association between early antibiotic exposure and risk of immune-mediated disease, which may imply that disturbing early host-microbe interaction has long-term immune and health consequences. In a nested casecontrol study of 36 patients with inflammatory bowel disease (IBD) and 360 healthy controls conducted in Canada, individuals with IBD were significantly more likely to have received antibiotics during the first year of life (58) . Similar results with a clear dose-response pattern were obtained in an epidemiological study from Finland (59) . In addition to IBD, antibiotic exposure in the first year of life has been observed to be associated with a small but significant increase in body mass (60) .
It is important to recognize the inherent confounding effects resulting from the infection, suspected or proven, for which the antibiotics have been prescribed. It is also possible that any observed associations between antibiotic exposure and subsequent disease may be the result of recall bias or reverse causation. Even given these limitations, these still are compelling data to suggest that early life exposure to antibiotic agents is associated with increased risk of noncommunicable disease in later life. In a Swedish birth cohort study of more than 5,000 children, antibiotic exposure in the first week of life independently increased the risk of asthma at school age (relative risk = 2.3, 95% confidence interval = 1.2-4.2). Intriguingly, maternal antibiotic use during pregnancy has also been linked to increased prevalence of childhood asthma in the offspring (61), which may be interpreted to suggest that immune programming by microbes may begin during fetal life.
Immune Programming and Early Microbial Contact
The notion of fetal origins of human disease has become widely accepted within the context of metabolic and cardiovascular disorders. It has been suggested that prenatal programming may also be influenced by microbial contact (62) . Consistently with this notion, changes in cord blood innate immune gene expression patterns have been observed in neonates whose mothers live in a farming environment and are thus presumably exposed to a wide variety of microbes (63) . Such a prenatal environment has previously been reported to protect the offspring from the development of atopic disease (64) .
In addition to this indirect fetal bacterial exposure, there are data to suggest that the fetus may be in direct contact with microbes in utero. The role of microbes as causative factors in premature rupture of membranes and preterm labor is well established. Whilst chorionamnionitis caused by bacteria such as Ureaplasma urealyticum is a recognized risk factor for neonatal morbidities including necrotizing enterocolitis, cerebral palsy and bronchopulmonary dysplasia, it is also becoming widely accepted that nonpathogenic bacteria are present in the placenta and amniotic fluid in healthy, term pregnancies (62) . Bacterial DNA is consistently found in meconium suggesting fetal contact with microbes in amniotic fluid (5, 8, 22) . We have recently reported that microbial DNA belonging most commonly to Bifidobacterium spp. and Lactobacillus spp. was present in all 29 placentas obtained after sterile elective cesarean section at term (65) . The hypothesis of prenatal microbial immune programming is corroborated by our results, according to which fetal gut innate immune gene expression patterns Review are modulated by microbes in the placenta (65) . In preterm infants, systemic neonatal inflammatory responses have been reported to be modulated in a species-specific fashion by microbes in the placenta (66) .
These long-term health implications of aberrant early microbial contact resulting from factors such as cesarean section delivery or antibiotic exposure not only serve as empirical support for the notion of microbial immune programming in early life, but also suggest that modulation of early microbial contact might be an effective means to reduce the risk of disease in these high-risk infants. The emerging notion of prenatal microbial immune programming may be taken to suggest that such interventions might be effective during pregnancy.
MATERNAL MICROBES AS HOST REGULATORS
How the maternal microbiota impacts on offspring's microbial composition and development and how maternal microbes affect the immune system during early life constitutes a key issue that deserves further investigation. Furthermore, an intimate relationship among host genetics and bioactive components present in human milk should be linked to the infant microbiota colonization and immune system development. For all those facts, we emphasize the relevance of the key relationship between diet, the immune system, and microbiome and origins of human disease. The Western infant, particularly the cesarean section-delivered, antibiotic-exposed and devoid of the recommended breastfeeding, may lack sufficient stimulation of the mucosal immune system to create a tolerogenic immune milieu and increase the risk to develop chronic inflammatory conditions, which may also take the form of allergic or autoimmune disease, or predispose the child to obesity and/or other diseases. In recent years, microbiota studies have provided relevant advances towards the detection and identification of specific microbes and microbial consortia as well as their molecules contributing to the host metabolisms, physiology and also, health.
Moreover, the influence of maternal microbiota on neonatal microbiota composition and immune system development constitutes a key issue that deserves further investigation. The microbiota is the most relevant environmental source of microbial stimulation and may provide the first signal for the immune system development and maturation (1,2). Maintenance of intestinal homeostasis requires a key relationship between microbiota and immune system. In mammals, homeostasis is maintained as the host Toll-like receptors (TLRs) recognize bacterial ligands. It has been reported that maternal transmission rather than defective innate immunity, influences the specific microbiota composition of TLR-deficient mice (67) . Now it is demonstrated that food ingredients, toxins, synthetic substances and environmental pollutants influence epigenomic gene regulation as well as post-translational modifications and transcriptional activities (68) . There are three distinct, but closely inter-acting, epigenetic mechanisms modulated by nutritional factors and microbes. These mechanism include histone modifications, methylation of DNA, and microRNAs (miRNAs). Together, they are able to regulate specific gene expression, not only fetal development but also throughout the entire life. On the other hand, miRNAs have been discovered as a novel additional level of control of TLR signaling (69) . It is clear that microbiota is an indispensable partner in the immune response, but few studies have addressed the impact the microbiota has on miRNA expression. Recent findings suggest that microRNAs as well as secretory antibodies present, both in the intestine and in milk, are also key regulators of gut homeostasis and mucosal immunity (70) (71) (72) and modulate the neonatal immune system. Microbes and miRNAs are thus able to act as potential epigenomic modifiers regulating host gene expression.
DIET AND MICROBES: TOOLS TO MODIFY EARLY MICROBIAL EXPOSITION
Modulation of an unbalanced indigenous microbiota constitutes the rationale of probiotic therapy and opens new possibilities for the prevention and treatment of diseases in which microbial dysbiosis plays a relevant role. The contribution of specific gut bacteria, along with life-style, to the maintenance of microbial equilibrium is being investigated to improve our understanding of the etiological factors underlying specific disorders and to develop more efficient strategies for their management. Modification of the gut microbiota early in life has also attracted scientific interest, since the period during the first months of life when the establishment of the microbiota and immune system maturation are not yet completed affords an important opportunity for immune education. Thus, pregnancy and early infancy, to our knowledge, are the key critical periods and also, potential targets for dietary strategies and food-based interventions focusing on the reduction of risk disease. Gut microbiota modulation by use of probiotics strains and/or prebiotics early in life would envisage an important opportunity for health programming.
Interestingly, nutrition counseling and probiotic intervention have been shown to have a different effect on mothers suffering gestational diabetes (GD), whereby probiotics reduce the risk of the disorder while dietary counseling reduces the risk of fetal macrosomia and overgrowth as GD consequence (73) . A recent meta-analysis showed a significant reduction in the prevalence and incidence of atopic eczema in children aged 2-7 y whose mothers received probiotics during pregnancy (74) . In line with these observations, a recent finding has shown that perinatal probiotic intervention was able to moderate the excessive weight gain during childhood, the impact being higher at 4 y of life (75) . Furthermore, placenta and fetal immune physiology may be modulated by specific probiotic maternal dietary intervention (76) and also, probiotics consumption can modulate the composition of immune molecules such as transforming growth factor (TGF)-β2 present in breast milk (77, 78) . In addition, probiotic bacteria consumed by the lactating mother have been detected in breast milk and infant feces (79) . The importance of these phenomena are also underscored by the results from a clinical trial which demonstrated that probiotics administered to the pregnant and brest-feeding mother significantly reduced the occurrence of atopic eczema in high-risk infants (80) . However, even the potential effect of probiotics, there are still some points to be targeted as the identification of probiotic-strain, the dose, the time and duration of treatment. Further research is needed at this point and also, the effects of early intervention on long follow-up studies in infant population are still unknown.
Scarce but increasing data on prebiotic interventions in early life are available. The most common oligosaccharide compounds that have prebiotic effects used in infant population include galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS) and their combination. Clinical data have shown the effect of those prebiotics in early life could lead to the prevention of specific diseases in infants as allergic problems (including atopic dermatitis and allergic asthma) and food allergy (81) . A recent report compiling data from five randomized controlled trials (infants from 0 to 24 mo of age) revealed significant decrease in the infectious episodes and also, in the rate of overall infections in the prebiotic group as compared with the placebo group (82) . The prebiotic effects are promi sing although the number of studies is still scarce to have a general picture of short-and long-term effects on microbiota modulation and then, impacting on health.
On the other hand, in recent years, there has been a remarkable increase in the use of a unique microbial replacement therapy, "fecal microbiota transplantation" which has been shown to be effective when treating Clostridium difficile infections, colitis and irritable bowel syndrome (83, 84) . Then, identification, isolation, and characterization of new bioactive elements, including microbes (probiotics) or their growth factors (prebiotics), would be interesting in order to personalize their use to improve and/or maintain health in those cases needed during pre-and/or postnatal period.
CONCLUSIONS
Improved understanding of the role of early microbial contact in immune and metabolic development provide the rationale for new therapeutic approaches to modify microbial exposure during the critical time periods of fetal development and early infancy. The emerging notion of host-microbe interaction in utero bridges two contemporary lines of research attempting to elucidate the pathogenesis of common noninfectious diseases. The novel conceptual frame of reference combines the "hygiene hypothesis" (85, 86) with the "Barker hypothesis" (87) and suggests that both dietary and microbial environments during fetal life and early infancy modify immune and metabolic programming and have far-reaching consequences for later health and the risk of immune-mediated and inflammatory disease. Within this context, the detrimental long-term health impact of disturbances in early microbial contact as a result of antibiotic exposure or cesarean section delivery need to be taken into account when such interventions are considered. Perhaps more importantly, dietary interventions such as probiotics aiming to modify bacterial exposure during pregnancy and infancy have to be viewed with great promise to divert the rising prevalence of autoimmune and allergic disease as well as obesity and metabolic disorders.
Clinical probiotic research should be based on well-defined targets known to be causally related to development of disease as well as preclinical data on the effects of the rigorously specified probiotic strains used. In addition to mechanistic basic research, prospective randomized controlled trials are the gold standard for establishing true causal relationships between the observed effects. Given the natural history of autoimmune and metabolic disease, long-term follow-up is essential to confirm the efficacy of the interventions.
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